We present simulation results that show circularly polarized light persists through scattering environments better than linearly polarized light. Specifically, we show persistence is enhanced through many scattering events in an environment with a size parameter representative of advection fog at infrared wavelengths. Utilizing polarization tracking Monte Carlo simulations we show a larger persistence benefit for circular polarization versus linear polarization for both forward and backscattered photons. We show the evolution of the incident polarization states after various scattering events which highlight the mechanism leading to circular polarization's superior persistence.
INTRODUCTION
This work presents simulation results showing circularly and linearly polarized light's interaction with the scattering typical of advection fog at infrared wavelengths. In particular, we show circularly polarized light persists superiorly through many scattering events compared to linearly polarized light. Our recently published work showed increased persistence of circular polarization through scattering environments of fog and dust.
1-3 Specifically, circular polarization greatly outperformed linear polarization for infrared wavelengths in a scattering environment of advection fog. The interest in circular polarization in scattering environments has been present for over a decade. [4] [5] [6] This work investigates the interaction of linearly and circularly polarized light in a scattering environment with a size parameter that represents advection fog throughout infrared wavebands. Using a polarization tracking Monte Carlo program we characterize the location and polarization state of all photons incident on a scattering medium after each scattering event. We compare the resulting polarization states from scattered incident circular and linear polarizations. Through this analysis we show the mechanism of circular polarization's increased persistence through scattering environments compared to linearly polarized light. Circular polarization maintains its Degree of Polarization (DoP) longer and persists through a larger number of scattering events compared to linearly polarized light.
BACKGROUND
Light has four distinct properties: intensity, wavelength, coherence, and polarization. The polarization of light is defined by the oscillation of the electric field vector in space, perpendicular to the propagation direction. There are multiple mathematical representations of the polarization of light; pertinent to this work is the Stokes formalism. The polarization of light is defined by a 4x1 vector made up of the four Stokes parameters, the Stokes vector. The Stokes vector is defined as,
where S 0 defines the total intensity of the light, S 1 defines the preference of the light to be horizontally or vertically linearly polarized, S 2 defines the preference of the light to be 45 or 135 degree linearly polarized, and S 3 defines the preference of the light to be right or left circularly polarized. 7 Light's polarization state can range from purely polarized to completely unpolarized. The DoP defines to what degree the light is polarized and is expressed as,
The DoP calculates the percentage of the total intensity of light that is purely polarized; therefore, the DoP ranges from 0 for completely unpolarized light, to 1 for purely polarized light.
Any polarization state can be represented on the Poincaré sphere. The Poincaré sphere is a sphere with the x, y, and z coordinate axes defined by the normalized Stokes parameters. The x axis is defined by the normalized S 1 parameter, the y axis is defined by the normalized S 2 parameter, and the z axis is defined by the normalized S 3 parameter. The axis parameters are all normalized by S 0 so that the radius of the sphere is equal to 1. The surface of the Poincaré sphere defines all the possible purely polarized states. Any state defined inside the surface of the sphere, but not at the origin, is considered a partially polarized state. The center of the sphere, located at the origin, is the location of any completely unpolarized polarization states. The radial location of the polarization state within the sphere is given by the DoP. The Poincaré sphere is shown in Figure 1 below. The axes are labeled with the commonly used descriptor for each of the core polarization states. The positive x axis is labeled as "H" for horizontally linearly polarized. The negative x axis is labeled as "V" for vertically linearly polarized. The positive y axis is labeled "45" for 45 degree linearly polarized, and the negative y axis is labeled "135" for 135 degree linearly polarized. The positive z axis is labeled "R" for right circularly polarized and the negative z axis is labeled "L" for left circularly polarized. Any polarization state along the equator is a linearly polarized state. As the polarization state moves into either hemisphere it becomes elliptically polarized, and only the R and L poles represent pure circular polarization states. 
SIMULATIONS
All the simulation results were generated using a polarization tracking Monte Carlo program. 8 The simulations propagate one million photons of linear and circular polarization states perpendicular to the face of a slab of scattering media. The simulation adheres to Mie scattering theory for each scattering event. Each scattering particle is modeled as a homogenous sphere of defined refractive index. The polarization and angular scattering properties of a single scattering event are calculated for all incident polarization states and angles. 9 The size parameter of the scattering particles is used within these calculations as well as the relative refractive index. The relative refractive index is the ratio of the particle's refractive index and the refractive index of the external medium. The size parameter of the scattering particle is defined as, = 2 π a n 0 ,
where a is the radius of the scattering particle, n is the real refractive index of the external medium (not the particle medium), and 0 is the vacuum wavelength of the light.
The simulation tracks the location of each photon before and after each scattering event as well as the polarization state of each photon before and after each scattering event. The initial polarization state of the photons is set by an initial Stokes vector. After a scattering event the polarization state of the photon is modified and the Stokes vector is updated.
Photons that are scattered to a location further into the scattering slab than the scattering event location are considered forward scattered. Conversely, photons scattered to locations closer to the input face of the slab are considered backscattered.
RESULTS
The following simulation results are for a scattering environment with scattering particles with size parameters of 7.7051. This size parameter is representative of advection fog particles at an infrared wavelength of 10 microns and particle diameters of 24.53 microns. The density of particles was such that a sufficient number of scattering events would occur for each incident photon. This was defined by choosing an optical thickness for the slab of scattering media equal to 10. The optical thickness, , is unit-less and defined as,
where is the particle volume density, is the extinction cross-section defined by Mie scattering theory, and L is the slab width.
Two sets of simulations are described, each with a different polarization state that is transmitted into the slab of scattering particles. The first set utilizes vertical linearly polarized illumination and the second set utilizes right circularly polarized illumination.
Set 1: Vertical Linearly Polarized Initial Illumination
The vertical linearly polarized state for the first set is located at the negative x axis of the Poincaré sphere. This initial polarization state of the incident photons is plotted on the Poincaré sphere in Figure 2 . The center of the large orange sphere is located at the position of the Stokes state. All one million photons for this polarization state started in this position on the Poincaré sphere. The following analysis will only plot the first one hundred thousand photon's Stokes parameters on the Poincare sphere, but the cumulative Stokes states are calculated from all one million incident photons. Figure 3 shows the resulting polarization states after a single scattering event. Each of the one hundred thousand photon's Stokes parameters is plotted on the Poincaré sphere after a specified number of scattering events. If the photon is scattered in the forward direction it is colored red; if it is backscattered it is colored blue. Care is taken to determine the frame of reference for analyzing the resulting scattered polarization states. All the photons' Stokes parameters are ultimately rotated into the global reference frame set by the initial slab geometry and the initial polarization states. The following figures show the resulting scattered Stokes parameters after 1, 2 and 10 scattering events. Each individual photon's Stokes parameter polarization state is purely polarized, and thus plotted on the surface of the Poincaré sphere. The cumulative Stokes state, for all the forward or backscattered photons, is shown as a large sphere in either orange or purple, respectively. The cumulative Stokes state is partially polarized and therefore is inside or very close to the surface of the Poincaré sphere. Figure 3 shows the results for incident vertical linearly polarized scattered photons after one scattering event. After this first scattering event, forward scattered photons (red) remain close to the initial location on the Poincaré sphere. The forward scattered photons' cumulative Stokes state is nearly purely polarized since its cumulative sphere (orange) is located in nearly the same place as the incident polarization's Stokes parameters. The backscattered photons Stokes parameters (blue) are spread around the Poincaré sphere although they remain near the equator, thus linearly polarized. The cumulative backscattered photons' Stokes state (purple) is highly depolarized. The resulting cumulative depolarized state still has a preference for vertical linear polarization but it is close to the origin of the Poincaré sphere. After a single scattering event, vertical linearly polarized light tends to remain nearly purely polarized if forward scattered but is highly depolarized if backscattered. Since the size parameter used in this simulation is large, this scattering environment is primarily forward scattering. Backscattered photons amount to just over one percent of the total scattered photons. The resulting cumulative Stokes state, for the forward or backscattered photons, is shown as large orange or purple spheres. Figure 5 shows the resulting polarization states for incident vertical linearly polarized photons after ten scattering events. By ten scattering events the photons' polarization states are highly spread around the Poincaré sphere. The cumulative backscattered state (purple) is nearly completely depolarized and is located near the origin. The cumulative forward scattered state (orange) is not visible but has depolarized and is inside the surface of the Poincaré sphere. The depolarization of the vertical linearly polarized photons tends to spread along the equator more than along the S 3 axis. Linear polarization depolarizes into other linear states faster than into elliptical states. 
Set 2: Right Circularly Polarized Initial Illumination
The right circularly polarized state for the second set is located at the positive z axis of the Poincaré sphere. This initial polarization state of the incident photons is plotted on the Poincaré sphere in Figure 6 . The center of the large orange sphere is located at the position of the Stokes state. All one million photons for this polarization state started in this position on the Poincaré sphere. The following analysis will only plot the first one hundred thousand photon's Stokes parameters on the Poincare sphere, but the cumulative Stokes states are calculated from all one million incident photons. Figure 7 shows the resulting polarization states after a single scattering event. Each of the one hundred thousand photon's Stokes parameters is plotted on the Poincaré sphere after a specified number of scattering events. If the photon is scattered in the forward direction it is colored red; if it is backscattered it is colored blue. Care is taken to determine the frame of reference for analyzing the resulting scattered polarization states. All the photons' Stokes parameters are ultimately rotated into the global reference frame set by the initial slab geometry and the initial polarization states. The following figures show the resulting scattered Stokes parameters after 1, 2 and 10 scattering events. Each individual photon's Stokes parameter polarization state is purely polarized, and thus plotted on the surface of the Poincaré sphere. The cumulative Stokes state, for all the forward or backscattered photons, is shown as a large sphere in either orange or purple, respectively. The cumulative Stokes state is partially polarized and therefore is inside or very close to the surface of the Poincaré sphere. Finally, Figure 9 shows the resulting polarization states of incident right circularly polarized light after ten scattering events. The forward scattered photons' Stokes parameters (red) are still highly polarized and remain in a cap near the R circular pole. The backscattered Stokes parameters (blue) are spread out more around the upper hemisphere. The cumulative forward scattered Stokes state (orange) is highly polarized and is hidden in the figure just under the R pole cap. The backscattered cumulative Stokes state (purple) has increased in DoP and moved up the S 3 axis. The resulting cumulative Stokes state, for the forward or backscattered photons, is shown as large orange and purple spheres.
Comparison of Cumulative Stokes State for Linear or Circular
The plots in Figure 2 through Figure 9 individually show linear and circular polarization's modification due to the scattering environment after specific scattering events. In order to compare the two polarization states, the cumulative forward and backscattered DoP are plotted in Figure 10 and Figure 11 . Both Figure 10 and Figure 11 illustrate that circular polarization maintains its DoP better than linear and thus persists through increasing scattering events for either forward or backscattered photons. The initial state for forward or backscattered photons is set to 1. From Figure 10 , forward scattered photons remain highly polarized for small scattering events, however linear polarized incident photons depolarize more quickly than circular polarized photons. As the number of scattering events increases, circular polarization remains highly polarized while linear polarization depolarizes into a plurality of linearly polarized states. From Figure 11 , backscattered linear polarized light is highly depolarized after only one scattering event. As the number of scattering events increases, linearly polarized light's DoP decreases to a nearly completely unpolarized state with a DoP less than 0.1. Backscattered light from circular polarization is also highly depolarized after one scattering event, although not to the extent of linear polarization, but the DoP increases for circular polarization as the number of scattering events increases. After ten scattering events circular polarized forward and backscattered light is highly polarized. After ten scattering events, backscattered circular polarization's DoP peaks at roughly 0.8 and then begins decreasing for larger scattering events. This initial depolarization and then increase in DoP for backscattered circular polarized photons may be due to the low number of backscattered photons for early scattering events. After one scattering event, only about 1 percent of the light is backscattered. As the number of backscattered photons increases after successive scattering events there are a larger number of photons for the cumulative Stokes state.
CONCLUSIONS
In conclusion, we present results showing circularly polarized light persists through a large number of scattering events better than linear polarized light. We showed the evolution of the polarization states after scattering events one, two, and ten for both vertical linearly polarized and right circularly polarized incident light. This analysis was presented on the Poincaré sphere. Through this analysis it could be seen that linear polarization depolarizes more rapidly into other linear states than into elliptically polarized states. Circular polarization maintains a high degree of polarization and remains in a range of states close to the incident S 3 pole location. The cumulative forward and backscattered DoPs of circularly polarized light is larger than that of linearly polarized light. These results show clearly that circular polarization is superior to linear polarization in maintaining its DoP and persisting through scattering environments, specifically scattering environments representative of advection fog at infrared wavelengths.
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